A wide variety of settlement systems exist, ranging from small villages to large metropolises. However, spatial analyses are typically confined to the mere presence or absence of built-up land and the changes therein, while more subtle differences between various settlement systems are ignored. In this paper we study the spatial distribution of Chinese settlements in terms of their built-up land, cluster density and cluster size, as well as their changes between 1990 and 2010. Subsequently, we use these three properties to delineate settlement systems, and analyze the observed change trajectories between 1990 and 2010. We find that roughly 70% of all built-up land and more than 50% of all new built-up land added between 1990 and 2010 is included in village landscapes, which challenges the current focus on studying mega-cities. We also find that settlement changes mostly follow small and incremental steps towards more dense urban systems, following multiple different development trajectories. Specifically, rural villages seldom convert into urban systems directly, but typically increase gradually to towns and sub-urban landscapes. Settlement systems provide a first step towards a comprehensive understanding of human settlements and their change trajectories, which can inform targeted land use planning and the development of policies that more explicitly accounts for diversity in settlement types.
Introduction
The vast majority of the global alterations in land cover relate to the conversion of natural ecosystems into agricultural land. Human settlements initially emerged as an integral part of these agricultural systems. However, as settlements developed, they became increasingly disconnected from their resource base (Cumming et al., 2014) . Due to population growth, migration, and economic development, settlements have been growing across the globe, especially in recent decades (Angel, Parent, Civco, Blei, & Potere, 2011) , to the point that built-up land is now competing for land with food production and other land demands (Bren d'Amour et al., 2017; Lambin & Meyfroidt, 2011; van Vliet, 2019) . As the world population is expected to continue growing for at least the next few decades, there is a need for a nuanced understanding of the different forms of human settlements and their change processes over time, in order to inform land use policies and allow landscape planning to fully account for the diversity in forms of human settlement.
Urban growth has been studied extensively in recent years, mostly in terms of the expansion of built-up land and its spatial patterns. In these studies, the characterization of land is typically divided into urban and non-urban land, and as a result many studies are based on the conversion of non-built-up land to built-up land (Long, Liu, Hou, Li, & Li, 2014; Yue, Liu, & Fan, 2013) , and the environmental impacts of these conversions (Angel et al., 2011; Seto, Guneralp, & Hutyra, 2012) . In particular, the spectacular growth of large metropolises has received a considerable amount of attention (Ianoș & Jones, 2019; Schneider & Mertes, 2014; Xu, Huang, Ding, Mei, & Qin, 2018a) . Furthermore, several studies also use derivatives of built-up land, especially landscape metrics, to further characterize the environmental impacts of human settlements (Alberti et al., 2007; Ramachandra, Bharath, & Sowmyashree, 2015) . China is currently the most populated country in the world and it has developed quickly from a relatively rural to a relatively urban society in recent decades. As a result of this societal transition, it has experienced unprecedented urban growth, fueled by a large-scale migration from rural to urban areas (Shi, Taubenb€ ock, Zhang, Liu, & Wurm, 2017) . This urbanization process has led to large-scale urban expansion, which has been analyzed mainly in terms of the expansion of impervious land surface or built-up land (Gong, Li, & Zhang, 2019; Wang et al., 2012) .
This expansion has been well-studied for some of the larger metropolitan areas in China, including Beijing-Tianjin-Hebei region, Yangtze River Delta, Pearl River Delta, and some other areas (Tian, Jiang, Yang, & Zhang, 2011; Wu, Zhao, Zhu, & Jiang, 2015; Yue, Zhang, & Liu, 2016 ).
Yet, the analysis of changes in built-up land are mostly confined to the analysis of pixels that change from non-built-up to built-up land Xu, Huang, Ding, Mei, & Qin, 2018; Yue et al., 2013) . Changes at the landscape level, as reflected in the spatial pattern of built-up land and covering the full spectrum from urban to rural settlements have remained largely unexplored. The focus on large urban areas that is dominant in the literature obscures other changes in built-up land affecting smaller settlements but affecting large areas of land.
Increasingly, land use typologies are used to characterize typical combinations of land use or land cover and to study the changes therein, aiming to provide actionable solutions to sustainability challenges (Loures & Vaz, 2018; Rounsevell et al., 2012) . Notably, V� aclavík, Lautenbach, Kuemmerle, and Seppelt (2013) identified 12 land system archetypes globally, based on a variety of variables, pointing out that land systems resemble across the globe but spatial pattern differs at subnational scales. At a national scale Ornetsmüller, Heinimann, and Verburg (2018) identified land systems in Lao PDR based amongst others on the typical combination of agricultural land and forested land, in order to analyze gradual shifts from swidden-forest mosaics to permanently managed agricultural land. However, these studies do not normally represent different settlement systems, as they are mostly focused on agricultural landscapes. At the scale of a single city, several studies have developed typologies for urban land. For example, focusing on vacant land within urban landscape, Kim, Miller, and Nowak (2018) developed a vacant land typology for Roanoke in Virginia, which could potentially be used for optimizing vacant parcel configurations at city scale. Krehl and Siedentop (2018) theoretically developed a classification scheme for urban land based on land use, built environment and other characteristics, which was subsequently applied in four German urban regions. However, such characterization have not been applied at landscape and national scales, while these are the scales at which land use policies are primarily targeted (Cullum, Brierley, Perry, & Witkowski, 2016; Levers et al., 2015) .
The objective of this study is to identify settlement systems at a national scale, specifically for China, and analyze their recent change trajectories. To that effect, we first analyze three properties of settlements: the distribution of built-up land, the size of the largest cluster of built-up land, and density of clusters of built-up land, in order to provide a comprehensive picture of settlement changes. Subsequently, we use these characteristics to develop a characterization of settlement systems, and analyze the different change trajectories between 1990 and 2010. With the characterization and analysis of settlement systems, this study provides a more comprehensive view of settlement changes in China by also explicitly addressing the dynamics outside large metropolitan areas.
Materials and methods

Data sets
Our analyses are primarily based on China's Land-Use/Cover Datasets (CLUDs) for 1990, 2000 and 2010, complemented with elevation data and a map of administrative boundaries (see Table 1 ). All data are projected in an Albers equal area projection, with standard parallels of 25 � N and 47 � N. While CLUD is also available for 2015, this data is not used in this study, because our exploratory data analysis reveals that it is not consistent with data from other years.
The CLUDs data represent land use in China in six classes with 25 subclasses. We characterize and analyze settlement systems based on urban land (subclass-51) and rural residential land (subclass-52) only. These two subclasses mainly differ in administrative properties, but since we are interested in land cover rather than administrative classifications, they are combined in this study and henceforth referred to as built-up area. Both classes represent built-up area following the classification of Liu, He, Zhou, & Wu (2014b) , as they predominantly consist of impervious surface, complemented with vegetated area, barren land, and water surface in built environment. These classes exclude land that is used for industrial purposes such as quarries, factories, mining, as well as transportation infrastructure outside cities (Kuang, Liu, Dong, Chi, & Zhang, 2016) , which might otherwise obfuscate the delineation of human settlements. In addition, we used data about water bodies from CLUDs, including water as well as permanent snow cover. Next to land cover data we included a DEM and administrative boundaries for calculating built-up density and constraining the study area to continuous China. Specifically, continuous China excludes Taiwan, the islands in South China Sea and some other small islands around the continent, but includes Hong Kong and Macao.
Analyzing settlement patterns and their changes over time
We use three properties to characterize settlement systems: the density of built-up land, the density of built-up clusters, and the size of the largest cluster ( Fig. 1a ). These three properties are selected because they represent different characteristics of settlement systems. In particular, the density of built-up land resembles the traditional focus on the distribution of built-up and non-built-up land, the density of built-up clusters characterizes the extent to which built-up land is dispersed or concentrated within a landscape, and the size of the largest cluster is important to identify the hierarchy in human settlements as determined by their size and their influence on neighboring settlements. The exact spatial resolution of output data is 2010 m, as this is an exact multiple of the 30-m input data, to which we refer as 2 km cells hereafter. This resolution is chosen because it reflects the landscape level at which settlement systems exist, as is suggested in other analyses of landscape (Jha & Kremen, 2013; Malek & Verburg, 2017; Ornetsmüller et al., 2018) .
To calculate built-up density, we define the Adjusted Built-up Density Index (ABDI) as the built-up area within a 3*3 moving window around a 2 km cell, divided by the total area that is suitable for built-up land therein. Suitable land here refers to all areas that are not water or permanent snow, and that have a slope that does not exceed 25%. The 25% threshold is based on the Code for Vertical Planning on Urban and Rural Development Land of China (CJJ 83-2016), which indicates that areas with a slope greater than 25% are not suitable for construction. A moving window approach is applied because settlement systems relate to the scale at which the system or process exists or responds (McGarigal & Cushman, 2005) , which we interpret to be larger than the 2 km cells on which we define settlement systems.
Cluster density indicates the number of clusters of built-up land within a 3*3 moving window around each 2 km cell. To compute cluster density, we firstly convert original 30-m CLUDs data into simplified polygons, effectively generating patches of built-up area, and subsequently generate feature points within these polygons that represent these patches. Patches are defined by direct as well as diagonal neighbors in this procedure. Then, we calculate the number of points within each 2 km cell and sum these results using a moving window method. These processes are successively conducted using conversion tools (Raster to Polygon), data management tools (Feature to Point), and spatial analysis tools (Point Density and Focal Statistics), all provided in the ArcToolbox of ArcGIS 10.4. The representation of clusters as points avoids double-counting patches that are spread over multiple 2 km cells.
Cluster size is calculated as the size of the largest patch of built-up area that has at least some area in a 2 km cell. Similar to the analysis of cluster density, patches are identified based on direct as well as diagonal neighbors, using the algorithm settings of Map Comparison Kit (Visser & de Nijs, 2006) .
We calculate ABDI, cluster density, and cluster size for the years 1990, 2000, and 2010, and analyze changes in each of the three properties, as well as the relation between different types of changes. First, we analyze how changes in ABDI, cluster density, and cluster size relate to the starting situation, e.g. in order to analyze whether new built-up area appears in already built-up areas, or instead in more sparse areas. Then, we compare results for different years to explore changes in these properties over time. To explore the relation between changes in these properties, we categorize changes in each of the properties on a 2 km cell level as decrease, stable or increase. Subsequently, for each pair of properties, we analyze how changes in one property relate to changes in another property, in order to characterize spatial patterns of change. The thresholds for ABDI, cluster density, and cluster size are selected using a histogram-based method (see for example Yu, Hu, van Vliet, Verburg, and Wu (2018) ). Specifically, we create histograms showing the distribution of changes, and identify the boundary between change and no change based on the absolute amount of change, so that at least 2% of all cells were identified as changes. This value of 2% is chosen for all classes to make their changes comparable, while at the same time accounting for the relatively static nature of built-up area. Associated threshold values for each change category are presented in Table 2 .
The accuracy of spatial analyses is highly dependent on the accuracy of the input data. The CLUDs maps have been validated, yielding an overall accuracy of more than 90% (Liu et al., 2014c ). Yet, due to our aggregation into tiles of 2 km, we expect that the accuracy at this resolution is effectively higher, and hence CLUDs are sufficient for the purpose of this study.
Mapping settlement systems and their changes over time
We use a decision tree ( Fig. 1b) to map settlement systems based on the three characteristics that are also used for the analysis of settlement patterns: ABDI, cluster density and cluster size. In addition, we use the relation between clusters in the neighborhood (i.e. proximity). Decision trees are expert-systems, which are preferred over statistical clustering methods as the latter are found sensitive to the selected distance metric and criteria for determining the order of clustering (van der Zanden, Levers, Verburg, & Kuemmerle, 2016) . We identify archetypical settlement systems in cells with a 2 km resolution, similar to the analysis of settlement patterns described above. For all cells that are not water, we first identify those that contain large cities, i.e. clusters of built-up area larger than 50 km 2 (Fang, Yu, Mao, Bao, & Huang, 2018) . Subsequently, urban landscapes are defined as cells with an ABDI above 0.35, indicating landscapes with a predominantly urban character (Jiao, 2015; Xu et al., 2019) . Large cities and urban landscapes together, are used to generate a proximity layer for detecting sub-urban landscapes. The remaining areas where categorized as clustered towns and clustered villages, based on their ABDI and cluster density (Tan & Li, 2013) . indicated by lower threshold of ABDI, while cells with no built-up area at the 2 km resolution are represented as deep rural. We tested a range of threshold values for identifying settlement systems and found that minor changes in threshold values did not yield drastically different patterns, but only a marginal displacement of class boundaries, suggesting a robust classification method.
To analyze changes between settlement systems, we calculated two change matrices, for the periods 1990-2000 and 2000-2010, respectively, and identified the major conversions relative to each settlement system. These change matrices are subsequently used to identify settlement change trajectories, based on the relative occurrence of changes from one settlement system to another.
Results
Spatial pattern of built-up area and its changes in China
ABDI, cluster density and cluster size for year 2010 are presented in Fig. 2 (see Fig. S1 for years 1990 and 2000) . High values for ABDI are, expectedly, concentrated around the larger urban areas, such as Beijing, Shanghai, Guangzhou, and Hong Kong. Yet, Fig. 2a also shows that there is a large part of China that has at least some built-up land outside these large urban areas, albeit mostly with an ABDI lower than 0.20. Cluster density, on the other hand, shows the highest values not in the urban areas, but in the intensive agricultural areas, such as the North China Plain, Northeast China Plain, and the Chengdu Plain (Fig. 2b) . The distribution of cluster sizes reflects the location of large urban areas, as these are reflected in the largest cluster sizes, while the cluster size quickly reduces farther away from these large urban areas (Fig. 2c) .
The combined changes in ABDI, cluster density and cluster size reflect a spatial restructuring process of settlement systems. As is illustrated in Fig. 3 , most non-stable areas show an increase in both ABDI and cluster size, while patterns in terms of cluster density are spatially heterogeneous. Two typical combinations of ABDI and cluster density changes were found (Fig. 3a) . The combination of increased ABDI and decreased cluster density reflects urban areas growing connected, while a higher cluster density in combination with a higher ABDI indicates the appearance of new urban clusters (with or without edge-growth). Fig. 3b indicates that an increase in ABDI mostly coincides with an increase in cluster size, which is typically the result of edge growth of existing urban areas, affecting both in the same direction. The relation between cluster density and cluster size varies mostly between two typical combinations. A combination of lower cluster density and larger cluster size typically reflects consolidation, i.e. formerly isolated clusters growing together. The opposite, a higher cluster density in combination with a larger cluster size, indicates a combination of different processes, such as edge growth and the appearance of new scattered clusters. There is little difference between the changes in the both periods.
Analyses of changes in ABDI, cluster density, and cluster size as a function of their original values for these indicators reveal some typical patterns. The average increase in ABDI is largest for cells that are already have an ABDI between 0.5 and 0.8, while the average increases in cells with a lower ABDI is much smaller (Fig. 4a ). It should be noted however that the number of cells with a low ABDI at the start of the period is much larger, and that therefore these cells still accommodate the majority of new built-up area (see Fig. S3 ). Cluster density can increase over time due to the appearance of new clusters but also decrease as a result of clusters growing together. The net effect is that for most cluster densities, the average change is near zero, except for cells that start without any built-up area, as the cluster density can only increase here (Fig. 4b) . Changes in cluster size show that large clusters often also experience large changes in size, while small clusters typically experience only smaller changes (Fig. 4c , also see Fig. S4 ). Additionally, some other small clusters witness a considerable increase in size, especially between 2000 and 2010, which indicates the consolidation process as mentioned that small clusters in close proximity to large ones get connected to each other, resulting in a large increase in the size of the largest clusters as well as a decrease in cluster density. 
Settlement systems and their changes over time
Combining the characteristics of built-up area allows the categorization of different settlement systems in China. About 20% of all land in China can be characterized as a settlement system, mostly concentrated in the Eastern part of the country (Fig. 5) . Conversely, Deep rural, including both wild land and agricultural areas without any built-up land, accounts for almost 80% of the total area, which is mostly located in the western part of the country. The distribution of settlement systems as well as built-up area within each system is presented in Fig. 6 . In 1990, 8.50% of all land in China is characterized as isolated villages, comprising 17.58% of all built-up surfaces. Sparse villages take up 6.89% of all land, yet incorporate 35.38% of built-up area, the largest share among all settlement systems. Dense villages occupy 3.46% of all land, while its proportion of built-up area is 25.83%. Other settlement systems including sparsely clustered towns, densely clustered towns, sub-urban landscapes, urban landscapes, and large cities together take up only 1.08% of the land area, but account for 21.23% of all built-up land. In 2010, village landscapes (isolated villages, sparse villages, and dense villages) accounted for 18.46% of the land, which is only slightly less than in 1990. The share of built-up land included in these three settlement systems has decreased from 78.80% in 1990 to 63.75% in 2010. Sparsely clustered towns and densely clustered towns combined account for 0.62% of the land in 2010, which is slightly more than the 0.55% they occupy in 1990. Conversely, the proportion of built-up area in these two types of towns shows a slight decrease from 8.83% to 8.27%. The proportion of China's built-up area that is found in in large cities, urban landscapes, and sub-urban landscapes more than doubled, from 12. 29% in 1990 to 27.91% in 2010. Changes in settlement systems between 1990 and 2000, as well as Fig. S6 . As a holistic map, deep rural and water bodies are also presented to enhance visual interpretation of settlement systems distribution. urban landscapes, rather than sudden transformation from rural to urban landscapes. Moreover, this figure also shows that multiple settlement change trajectories occur at the same time. For example, sparse villages changed into sparsely clustered towns, dense villages and sub-urban landscapes, reflecting respectively an increase in ABDI, an increase in cluster density, and an increase in large urban areas in the neighborhood.
Discussion
Settlement systems and their change trajectories in China
The map of settlement systems in China shows a distribution ranging from completely built-up to completely non-built-up, with the vast majority of built-up area distributed as small fractions in otherwise rural landscapes. Overall, more than 20% of all land in China is classified as one of the settlement systems in 2010. Changes in built-up area are found throughout this area, but the majority of new built-up land is added to areas that initially have a low fraction of urban land (i.e. village growth). For instance, between 1990 and 2000 more than 65% of all new built-up area emerged in village landscapes and deep rural areas. This percentage drops for the period 2000-2010, but still remains above 50% of all new built-up land. Hence, while locally the changes in metropolises can be dramatic, the aggregated effect of increases in smaller settlements is at least as large. These findings resemble those found for Europe (van Vliet, Verburg, Gr� adinaru, & Hersperger, 2019) . This result suggests that analyses of urban growth in large metropolitan areas that have received much attention in recent years (Gong, Hu, Chen, Liu, & Wang, 2018; Xu et al., 2007; You & Yang, 2017) are not necessarily representative for built-up area expansion in China. Instead, it suggests that there is a need to analyze settlement systems more comprehensively by also including more subtle change processes in village landscapes, towns, and peri-urban areas.
Large metropolitan areas, particularly Beijing-Tianjin-Hebei region, Yangtze River Delta, and Pearl River Delta, are identified as large cities, urban landscapes, and sub-urban landscapes. Between 1990 and 2010 each of these three regions is characterized by typical urban growth processes, as reflected through an increase in built-up area, and an increase in cluster size in many cells (also see Xu et al. (2007) , You and Yang (2017) , and Gong et al. (2018) ). As a result of their rapid growth, many large cities in these areas are facing a scarcity in land and a pressure on existing infrastructure. In order to deal with these constraints, the Beijing municipal government is gradually moved to Tongzhou district, which is quite distant from central Beijing (CGTN, 2017) . At the same time, Tongzhou is now connected to downtown Beijing, leading to an continuous area characterized as large cities. The development in the more densely populated areas elsewhere in China are also fueled by national level policies. For example in Xiong'an New District in northern China, which was initiated by the Central Committee of the Communist Party of China and the State Council in 2017 with a long-term control area of about 2000 km 2 (Kuang, Yang, & Yan, 2017; Xu, Shi, Wang, Fang, & Lin, 2018b) .
The most productive agricultural areas of China, notably the North China Plain, Northeast China Plain, and Guanzhong Plain, are characterized by sparse and dense village landscapes. These settlement systems reflect the patterns that emerged exactly because of the agricultural character of the region, as they are relatively densely clustered, but the clusters themselves are smaller. However, due to the economic development in all of eastern China, as well as population growth and migration from more remote parts of the country (Cao, Zheng, Liu, Li, & Chen, 2018; Li, Sun, & Fang, 2018) , there is an increase in urban and sub-urban landscapes in these prime agricultural regions. For example, Jiangsu, a typical developed coastal province, experienced a dramatic development towards the more urban settlement systems, especially for regions closer to the economic hub of Shanghai. The growth of urban areas is often attributed to migration from rural areas (Henderson, Quigley, & Lim, 2009) . At the same time, our results show that there is no decrease in built-up land in the agricultural areas between these cities, nor in the more remote areas elsewhere in China. The southeastern part of China, for example, is characterized by a rugged landscape, providing a natural constraint for both agricultural activities underlying the development of villages elsewhere as well as the emergence of large metropolitan areas. These mountain valleys are mainly filled with isolated villages, but these villages did not change much in recent decades or even showed small increases in ABDI.
The development of settlements in rural areas mostly consists of lowdensity developments, thus leading to relatively large amounts of land take and soil sealing for the benefit of few people. As these developments often come at a cost of agricultural lands, it further contributes to competition for land, thus affecting food security and biodiversity habitat (van Vliet, Eitelberg, & Verburg, 2017) . This problem is not unique to China, as similar challenges have been observed elsewhere (T� oth, 2012; van Vliet, 2019) . There is a window of opportunity for land use planning and national policies to reduce such conflicts by restricting built-up expansion and fostering more compact settlement types. In China, there is a long history of compensation policies and densification incentives (Liu, Fang, & Li, 2014a; Long, Li, Liu, Woods, & Zou, 2012) . For example, the lost villages in Shandong Province are likely a policy effect ( (Li, Wu, & Liu, 2018b) , to cater for the national policy termed "increasing vs. decreasing balance of urban-rural construction land", which aims to balance the total construction land and hence compensate for urban development elsewhere (Cheng, Liu, Brown, & Searle, 2018 ). Yet, our results show that these initiatives have not effectively controlled the process of increasing built-up area in these regions. On top of that, such policies can have tradeoffs on social conditions (Howley, 2009; Schindler & Caruso, 2014) and may challenge rural cultural heritage (Yu, Verburg, Liu, & Eitelberg, 2016) , indicating that plans need to carefully consider local conditions and impacts.
The need for a more nuanced understanding of settlements and settlement changes is relevant beyond Chinese territory. As in China, analyses of settlement changes elsewhere have focused mainly on few large urban areas (Bagan & Yamagata, 2012; Georg, Blaschke, & Taubenb€ ock, 2018; Taubenb€ ock et al., 2012) . Meanwhile, a large part of the built-up land in the US was found outside urban and sub-urban areas (Theobald, 2001 ), suggesting the necessity of land use analysis through the whole urban-to-rural continuum. Consistently, most built-up expansion in South America occurs in small cities and rural areas, not only concentrated around major cities (Andrade-Núñez & Aide, 2018). A study on selected European countries has also shown that most built-up land is embedded in predominantly rural landscapes . As a result of the typical mosaics of settlements and other land uses, large parts of Europe have been characterized as peri-urban, or "territories-in-between" (Alexander Wandl, Nadin, Zonneveld, & Rooij, 2014) . Global simulations of future land use show that such peri-urban and densified village landscapes will cover increasingly large parts of the earth and therefore need more attention (van Vliet et al., 2017) .
From built-up area to settlement systems
Urban growth is often analyzed or simulated based on the conversion of non-built-up to built-up land, without further consideration of the structure of the landscape within which this conversion takes place (Huang et al., 2019; Yue et al., 2013) . Otherwise, human settlements in China are usually indicated as cities, towns, and villages (Tian, Yang, & Zhang, 2007) . However, these classes reflect an administrative classification, rather than a landscape description. In addition, a breath of spatial indices have been used to investigate patterns of urban land cover (Liu & Yang, 2015) . This study, in contrast, uses spatial pattern indices for the characterization of settlement systems, a typology within which specific settlement change trajectories can be studied in their specific contexts. These processes include processes such as village growth, urban expansion, and sub-urbanization. Such in-depth understanding of settlement change trajectories is an essential prerequisite for designing policies dedicated to a more efficient land use (Hersperger et al., 2018; Mustafa, Van Rompaey, Cools, Saadi, & Teller, 2018; Wang, van Vliet, Pu, & Verburg, 2019) .
The identification of settlement systems resembles recent developments in land use science leading to the identification of anthromes (Ellis & Ramankutty, 2008) , land systems ( van Asselen & Verburg, 2012) and land system archetypes (V� aclavík et al., 2013) . These classification approaches move beyond the characterization of the terrestrial biosphere based on the predominant land cover or its related land use, and instead acknowledge the spatial distribution and spatial patterns that characterize landscapes. While urban areas are included in these approaches, their focus is essentially on the agricultural and natural parts of the landscape, leading to relatively little differentiation in settlement systems (Ornetsmüller et al., 2018; van Vliet et al., 2019) . Settlement systems, therefore, complement these approaches and allow for a more in-depth investigation of settlement change processes and a more nuanced view on urban systems for land use policies and planning.
Settlement systems could also provide a starting point for a more nuanced representation of settlement change processes in land-use models. As of yet, many models are limited to the simulation of land cover conversions including a conversion from non-urban to urban land . For a large number of urban growth models, this is even the only type of change that is simulated (Kamusoko & Gamba, 2015; Mahiny & Clarke, 2012) . The results of this study show the wide variety in settlement systems, as well as the different change trajectories that take place in parallel. Hence the representation of built-up land constraints the extent to which we can learn from such models or use them to explore solutions for sustainability challenges. To facilitate further research in this direction, we make the dataset produced in this study freely available from the website (https://cscproject.github.io).
Conclusion
Settlement systems exist in a wide variety ranging from isolated villages to larger metropolitan areas. This study analyses changes in settlements beyond merely assessing the conversion of non-built-up land into built-up land. Results show that settlement systems typically change gradually and incrementally, from villages to towns to peri-urban and urban areas. Moreover, results of this study also show that the combined increase in built-up land in smaller cities, towns and villages exceeds that of large urban areas. This suggests that there is a need to analyze settlement systems more comprehensively, and beyond the increase of a few mega-cities only.
Declaration of competing interest
None.
